Due to their potential prebiotic properties, arabinoxylan-derived oligosaccharides [(A)XOS] are of great interest as functional food and feed ingredients. While the (A)XOS metabolism of Bifidobacteriaceae has been extensively studied, information regarding lactic acid bacteria (LAB) is still limited in this context. The aim of the present study was to fill this important gap by characterizing candidate (A)XOS hydrolyzing glycoside hydrolases (GHs) identified in the genome of Lactobacillus brevis DSM 20054. Two putative GH family 43 xylosidases (XynB1 and XynB2) and a GH family 43 arabinofuranosidase (Abf3) were heterologously expressed and characterized. While the function of XynB1 remains unclear, XynB2 could efficiently hydrolyze xylooligosaccharides. Abf3 displayed high specific activity for arabinobiose but could not release arabinose from an (A)XOS preparation. However, two previously reported GH 51 arabinofuranosidases from Lb. brevis were able to specifically remove ␣-1,3-linked arabinofuranosyl residues from arabino-xylooligosaccharides (AXHm3 specificity). These results imply that Lb. brevis is at least genetically equipped with functional enzymes in order to hydrolyze the depolymerization products of (arabino)xylans and arabinans. The distribution of related genes in Lactobacillales genomes indicates that GH 43 and, especially, GH 51 glycosidase genes are rare among LAB and mainly occur in obligately heterofermentative Lactobacillus spp., Pediococcus spp., members of the Leuconostoc/Weissella branch, and Enterococcus spp. Apart from the prebiotic viewpoint, this information also adds new perspectives on the carbohydrate (i.e., pentose-oligomer) metabolism of LAB species involved in the fermentation of hemicellulose-containing substrates.
H
emicelluloses, in particular, heteroxylans, are among the most abundant polysaccharides in plant biomass. The basic configuration of arabinoxylans (AX), the major fraction of cereal cell wall heteroxylans (1) , involves a linear xylan backbone of ␤-1,4-linked D-xylopyranose units with L-arabinofuranosyl side chains as the major substituents (1, 2) . The xylose monomers can be substituted by up to two arabinose residues in ␣-1,2 and/or ␣-1,3 configuration (Fig. 1) . The degrees of arabinose substitution, as well as occurrences of other substituents, most importantly ferulic acid, underlie high variability in plants and plant tissues (2) . AX depolymerization products obtained by endo-xylanase (EC 3.2.1.8)-catalyzed hydrolysis are denoted arabinoxylan-oligosaccharides. Following previously described criteria (1), the present paper uses the following acronyms: XOS for xylooligosaccharides, AXOS for arabino-xylooligosaccharides, (A)XOS for mixtures of XOS and AXOS, and (A)XOS as well for unspecified products of AX depolymerization. Complete (A)XOS hydrolysis requires the concerted action of ␣-L-arabinofuranosidase (EC 3.2.1.55) and ␤-D-xylopyranosidase (EC 3.2.1.37). Arabinofuranosidases with arabinoxylan arabinofuranohydrolase (AXH) activity are usually classified according to the nomenclature recommended by Van Laere et al. (3) : the more common AXHm hydrolyze both ␣-1,2 and ␣-1,3 glycosidic bonds of single arabinose substitutions (Fig.  1 ). Enzymes that specifically catalyze the release of arabinose from disubstituted backbone residues are designated AXHd. So far, only a few examples of the latter class, denoted AXHd3 due to their selectivity for ␣-1,3 linked arabinose residues, have been reported (3) (4) (5) (6) . Arabinofuranosidases that would classify as AXHd2 (or AXHd2,3) have not been described so far.
AXs are recognized as important dietary fibers (1, 2) , and (A)XOS have raised considerable interest regarding their potentially prebiotic effect on the intestinal microbiota. The bifidogenic effect of dietary (A)XOS was thoroughly studied and confirmed (1, 7) . Furthermore, several bifidobacterial ␣-L-arabinofuranosidases (both AXHm and AXHd3) (3, 6, (8) (9) (10) , as well as ␤-D-xylosidases (11, 12) required for complete (A)XOS degradation, have been identified and characterized, whereas all of the enzymes reported so far (both AXH and ␤-xylosidases) are members of glycoside hydrolase (GH) family 43 or 51 (13) .
In contrast, information on the mechanisms of (A)XOS utilization by lactic acid bacteria (LAB), more specifically, members of the taxonomical order Lactobacillales, is still limited. The scientific literature available so far suggests that the ability to metabolize XOS in vitro may be a rare trait among LAB (14, 15) , while evidence for AXOS utilization by LAB has, to our knowledge, not been presented at all. This knowledge gap is unfortunate, as LAB can be part of the beneficial intestinal microbiota as well (16) . Further, LAB are ubiquitously present in fermentations of hemicellulose (AX)-rich cereals (17) (18) (19) , and it is important to understand the LAB metabolism associated with such materials.
The aim of the present study was to expand on the knowledge of (A)XOS utilization by LAB by studying candidate (A)XOShydrolyzing enzymes of the heterofermentative species Lactoba-cillus brevis. So far, Lb. brevis is the only Lactobacillus species reported to efficiently utilize XOS (14, (20) (21) (22) , and a XOShydrolyzing ␤-xylosidase was recently isolated from Lb. brevis NCDC01 after the strain was grown on XOS (23) . The published genome of Lb. brevis (strain ATCC 367) contains three GH 43 glycosidase genes putatively designated ␤-D-xylosidases (24) . Here, we report the heterologous expression of orthologs to these genes from Lb. brevis DSM 20054 and the subsequent characterization of the corresponding gene products. As recently reported (25) , Lb. brevis further possesses two functional GH 51 arabinofuranosidases. We aimed to investigate whether these glycosidases (both GH 43 and GH 51) are capable of hydrolyzing (A)XOS and evaluated the presence of corresponding glycosidase genes in Lactobacillales genomes (as available at the time of writing).
MATERIALS AND METHODS
DNA manipulation and sequence analysis. PCR was performed with Phusion High-Fidelity PCR Master Mix (New England BioLabs, Ipswich, MA). Restriction enzymes and a Quick Ligation kit were also purchased from New England BioLabs. PCR products were purified with a Wizard SV Gel and PCR Clean-UP kit, and plasmid purification was done with a PureYield Plasmid Miniprep system (both from Promega, Madison, WI).
Oligonucleotide primers targeting the flanking regions of the genes encoding GH 43 hydrolases (all annotated as putative ␤-xylosidases) were designed based on the published genome of Lb. brevis ATCC 367 (GenBank accession no. NC_008497; loci LVIS_0375, LVIS_1748, and LVIS_2285 [24] ). These primers (see Table S1 , upper part, in the supplemental material) were used to amplify the respective open reading frames from the genomic DNA of Lb. brevis DSM 20054 (DSMZ GmbH, Braunschweig, Germany). The PCR products were ligated into pJET1.2 blunt cloning vectors (Thermo Fisher Scientific, St. Leon-Rot, Germany) and sequenced (LGC Genomics, Berlin, Germany). Based on the nucleotide sequences obtained, specific primers containing the necessary restriction sites (see Table S1 , lower part) were designed to introduce the genes into pET21a expression vectors (Novagen, Madison, WI) in frame with a Cterminal His 6 tag. Escherichia coli T7 Express competent cells (New England BioLabs) were transformed with the plasmids obtained, and positive colonies were selected based on their ampicillin (100 g ml Ϫ1 ) resistance on LB agar plates.
Protein production, chromatography, and electrophoresis. Gene expression and subsequent protein purification by immobilized metal ion affinity chromatography (IMAC) and anion-exchange chromatography (AEC) were performed following established protocols and as recently reported (25) . The binding buffer used for AEC was a 0.02 M citratephosphate buffer (pH 7.0) prepared according to the method of McIlvaine (26) . Proteins were eluted with 1 M NaCl in the same buffer by applying a linear gradient in 10 column volumes; the purified enzymes were stored in 0.02 M McIlvaine buffer (pH 7.0). Molecular masses were determined by size exclusion chromatography on a Sephacryl S-300 column (GE Healthcare, Uppsala, Sweden) (190 ml; column diameter, 16 mm) with 50 mM sodium phosphate buffer (pH 7.0) containing 150 mM NaCl at a flow rate of 0.15 cm min Ϫ1 . The column was calibrated with protein standards (kit for molecular weights 29,000 to 700,000) from Sigma-Aldrich (St. Louis, MO).
SDS-PAGE (including Coomassie blue staining) was performed using a Mini-Protean system with precast gels (4% to 20%) from Bio-Rad (Hercules, CA); the molecular mass marker used was Precision Plus Protein Unstained (Bio-Rad) (10-to-250-kDa range).
Enzyme assays. The substrates used for chromogenic enzyme assays Standard reaction conditions for all enzyme assays were 0.1 M McIlvaine buffer (pH 5.5) at 37°C and a 5-min incubation time (all determinations were performed in triplicate). Assays with pNP glycosides were stopped with 0.5 M Na 2 CO 3 (2-fold volumetric excess), and the absorbance of p-nitrophenol was measured at 400 nm (ε 400 ϭ 18.300 M Ϫ1 cm Ϫ1 at pH 10.2) in a Beckman DU 800 spectrometer (Paolo Alto, CA). The temperature dependence of enzyme activity was determined by adjusting the temperature from 4 to 90°C, while pH dependence was determined by performing the above-described procedure with McIlvaine buffers ranging from pH 3.0 to 7.9 at 37°C.
Assays with oligosaccharides were conducted as described above but were stopped by heat inactivation at 80°C for 15 min. Arabinose, arabinooligosaccharides, xylose, and xylooligosaccharides were quantified by high-performance anion-exchange chromatography with pulsed amperometric gold electrode detection (HPAEC-PAD). The equipment used consisted of a Dionex DX500 system with a CarboPac PA 100 column (Dionex, Sunnyvale, CA) and an injection volume of 20 l. Separation of saccharides was performed by applying a linear gradient from 100% eluent A (150 mM NaOH) to 28.8% eluent B (0.5 M sodium acetate-150 mM NaOH) over 25 min (12.5 ml) at a flow of 0.5 ml min Ϫ1 at 25°C and 115 ϫ 10 5 Pa. One unit (U) of reported glycosidase activity corresponds to the hydrolysis of 1 mol of substrate per min under the investigated conditions. Kinetic constants (K m , k cat ) were determined under standard assay conditions (pH 5.5, 37°C) by variation of the individual substrate concentrations in the assays (0 to 40 mM). The results (curve fits) were analyzed with SigmaPlot 11.0, the regression models used were those of Michaelis- Menten and Hill, and the k cat was calculated as catalytic center activity, considering the theoretical molecular masses of the subunits.
endo-Xylanase and endo-arabinanase activities were assayed by determining the amount of reducing sugar by the dinitrosalicylic acid (DNSA) assay as described by Miller (27) . Standard curves of arabinose and xylose were prepared in the range of 0 to 1 mg ml Ϫ1 . Experiments with AX and (A)XOS. Wheat arabinoxylan (low viscosity, Megazyme) was dissolved in 100 mM McIlvaine buffer (pH 5.5) at a concentration of 2% (wt/vol) and treated with the endo-xylanase preparation Pentopan Mono BG (Sigma-Aldrich) at a dosage of 10 mg ml Ϫ1 . The reaction mixtures were incubated for 24 h at 50°C. Xylanase was heat inactivated (80°C, 30 min), and the (oligo)saccharides obtained were analyzed by HPAEC-PAD and methylation analysis as described below. This (A)XOS preparation served as the substrate for further enzyme assays. Assays were performed as described above but with incubation for 90 min at 37°C. The enzymes used as controls were a GH 51 ␣-L-arabinofuranosidase from Aspergillus niger (AFASE) and a GH 43 ␣-L-arabinofuranosidase (AFAM2) from Bifidobacterium adolescentis, both obtained from Megazyme. AFAM2 is identical to the AXHd3 enzyme from B. adolescentis (3, 6) . All enzymes were used at a concentration of 0.25 mg ml Ϫ1 . Methylation analysis. Methylation of oligosaccharides was performed according to references 28 and 29. Subsequent acidic methanolysis was performed according to Sundberg et al. (30) .
Silylation. Samples were equilibrated in 400 l of pyridine for 1 h. BSTFA [N,O-bis(trimethylsilyl)trifluoroacetamide] (200 l) containing 10% TMCS (trimethylchlorosilane) (both from Sigma-Aldrich) was added, and the reaction mixture was incubated at 70°C for 2 h. Samples were diluted with 600 l of ethyl acetate, filtered through a 0.45-m-poresize polytetrafluoroethylene (PTFE) syringe filter, and analyzed by gas chromatography.
Gas chromatography. A silylated sample (1 l) was injected (260°C; split ratio, 1:50) into a HP-5 column (30 m by 0.25 mm; film thickness, 0.25 m) in an Agilent 6890N Series gas chromatography (GC) system with an Agilent 5973 Series mass selective detector. The temperature program was 100°C (2 min); 4°C min Ϫ1 ; 220°C (2 min); 15°C min Ϫ1 ; and 300°C (2 min); the carrier gas was helium (1 ml min Ϫ1 , constant flow). Detector conditions were 70 eV with a scan range of from 40 to 600 Da. Data were acquired and processed with MSD Chemstation E.2.01.1177 software from Agilent Technologies.
Peaks were identified by comparison to the standards methylated xylose (2,3,4-linked xylose), methylated xylotriose (terminal xylose and 4-linked xylose), and nonmethylated xylose and arabinose (terminal xylose and terminal arabinose) as well as wheat arabinoxylan (2,4-linked and 3,4-linked xylose) according to the procedure described above. Relative retention times were in accordance with those in published literature employing a comparable setup (31) .
Molar response factors were calculated from the standards listed above. Since standards for 2,4-linked and 3,4-linked xylose were not commercially available, their response factors were inversely calculated from the arabinose-to-xylose ratio of arabinoxylan after subtraction of the remaining constituents. Response factors for 2,4-linked and 3,4-linked xylose were assumed to be identical to those previously reported (31) . The total ion count was used for calculations, with the exception of terminal xylose, whose data were obscured by silylation reagent products and whose value was calculated from its characteristic ion 101. A typical chromatogram obtained from arabinoxylan is shown in Fig. S1 in the supplemental material.
Nucleotide sequence accession numbers. Nucleotide sequences have been deposited in GenBank under the following accession numbers: KF305639 (xynB1), KF305641 (xynB2), and KF305640 (abf3). The sequences of abf1 and abf2 are accessible as HM363023 and HM363024, respectively.
RESULTS
Three genes encoding putative GH 43 glycosidases from Lb. brevis DSM 20054 (orthologous to loci LVIS_0375, LVIS_1748, and LVIS_2285 of Lb. brevis ATCC 367; GenBank accession no. NC_008497) were heterologously expressed. Initial assessment of the specific activities for various substrates (Table 1) indicated that the electrophoretically pure His 6 -tagged proteins (Fig. 2) were functionally distinct. "LVIS_0375" showed low activities toward pNP-arabinofuranoside and pNP-xylopyranoside and was unable to hydrolyze arabino-and xylooligosaccharides; "LVIS_1748" displayed its main specificity for arabinosaccharides and "LVIS_2285" for xylooligosaccharides. Hydrolysis of pNP-␣-L-arabinopyranoside, pNP-␤-D-glucopyranoside, and pNP-␤-Dgalactopyranoside was not detectable for all three enzymes. According to these results, and based on sequence analyses (see below), the genes "LVIS_0375" and "LVIS_2285" were designated xynB1 and xynB2, respectively. In continuation of the nomenclature presented in our previous study (Abf1 and Abf2 are the recently described GH 51 arabinosidases from Lb. brevis [25] ), the arabinofuranosidase-encoding gene "LVIS_1748" was designated abf3.
Characterization of XynB1 and XynB2. xynB1 and xynB2 encode putative ␤-xylosidases of GH 43 with 32% amino acid sequence identities as determined through the BLASTP algorithm. According to the Conserved Domain Database (CDD) (32), both sequences are members of GH 43 subclass "Xyl1," listed as COG3507 in the Clusters of Orthologous Genes (COG) database (33) . The distribution of putative GH 43 (subclass "Xyl1") family members in published Lactobacillales genomes (see Fig. S2A in the supplemental material) indicated the presence of putative orthologs to xynB1 and xynB2 in Enterococcus spp., Pediococcus spp., Lactococcus lactis, the Leuconostoc/Weissella branch, and several heterofermenting Lactobacillus spp. such as Lb. brevis, Lb. fermentum, and Lb. pentosus.
The molecular masses of the His 6 -tagged proteins were determined to be 375 Ϯ 3 kDa (XynB1) and 137 Ϯ 1.5 kDa (XynB2) by size exclusion chromatography. The calculated molecular masses of the subunits (62.9 and 61.4 kDa, including a His 6 tag, respectively) suggest that XynB1 is a hexamer and XynB2 a dimer.
XynB2 had high catalytic efficiency with respect to xylobiose, having a k cat /K m value 10-fold higher than that obtained with pNP-␤-D-xylopyranoside (Table 2) , while the function of XynB1 could not be demonstrated with the substrates used. However, sequence alignment (see Fig. S3 in the supplemental material) implied that the amino acid residues identified to be catalytically significant in GH 43 xylosidases (34) are present in both XynB1 and XynB2. No endo-xylanase activities (of both XynB1 and XynB2) were detectable with the DNSA assay. XynB2 displayed its maximum activity when assayed at pH 6 and 50°C (Fig. 3) , and the activity of XynB2 (determined with both pNP-arabinofuranoside and pNP-xylopyranoside) was inhibited by xylose and arabinose (Table 3 ). In contrast, XynB1 was inhibited less by xylose but much more by glucose. Apart from activity reduction by Cu 2ϩ , the presence of divalent cations had little effect on XynB1 and XynB2 (Table 4) .
Characterization of Abf3. Abf3 is assigned to the CCD subclass "1" of GH family 43, comprised of putative ␣-L-arabinofuranosidases (COG3940). Compared to XynB, the Abf3 sequence rather rarely occurs in LAB genomes (see Fig. S2B and Table S2 in the supplemental material). Abf3 shares low sequence similarity with AXHd3 from B. adolescentis (GenBank accession no. AAO67499.1), which belongs to a distinct GH 43 subclass ("Xyl2"; COG3507). Members of GH 43 "Xyl2" could not be identified in currently published Lactobacillales genomes. Abf3 eluted as a 143 Ϯ 1 kDa tetramer (37.6 kDa subunit mass) which was highly selective for (linear) arabinooligosaccharides (Tables 1 and 2 ). In kinetic experiments performed with arabinobiose, Abf 3 showed slight positive substrate cooperativity, with an n h (Hill coefficient) of 1.3. Endo-arabinanase (DNSA assay) could not be detected. The enzyme displayed its maximum activity at pH 5.5 and was found to be rather temperature labile, having maximal activity between 25 and 32°C and rapid inactivation at higher temperatures (Fig. 3) . Inhibition by xylose and arabinose (Table 3 ) occurred at higher concentrations (100 mM). The activity of Abf3 was increased by the presence of Mn 2ϩ and Zn 2ϩ but reduced by the presence of Cu 2ϩ . Release of arabinose from (A)XOS by Abf1 and Abf2. An (A)XOS preparation was obtained by depolymerization of AX with Pentopan Mono BG, a xylanase preparation from Thermomyces lanuginosus that is widely used in baking. HPAEC-PAD analysis of this (A)XOS preparation (Table 5 ) indicated low concentrations of arabinose, xylose, and xylobiose. Structural information on (A)XOS was obtained by methylation analysis, and the arabinose/xylose ratio was determined to be 31:69 (0.45). Judged by the percentage of terminal (nonreducing end) xylose (T-Xyl), an average of 5 to 7 degrees of polymerization was estimated for the xylooligosaccharide backbone of (A)XOS (Table 6 ). The majority of the arabinose residues (65%) were ␣-1,3-linked to monosubstituted xylose; 8% occurred as a monosubstituted ␣-1,2-linkage and 26% on doubly substituted xylose. Using this preparation for further enzyme assays, release of arabinose by the GH 43 glycosidases XynB1, XynB2, and Abf3 could not be detected.
Experiments conducted with Abf1 and Abf2 of Lb. brevis and two commercial enzymes used as controls (Tables 5 and 6 ) indicated that the preparations AFASE (GH 51, A. niger), Abf1, and Abf2 (both GH 51) could release high quantities of arabinose from AXOS, accompanied by an increase in the levels of detectable unsubstituted xylooligosaccharides (Table 5) . Although AFAM2 released large amounts of arabinose as well, the concomitant release of xylooligosaccharides was comparably low. Synergistic effects were observed when Abf1 and Abf2 were applied in combination with AFAM2. These results are in accordance with the known AXHd3 activity of AFAM2 and suggest that Abf1, Abf2, and AFASE possess AXHm specificity. Methylation analysis (Table 6) confirmed the AXHd3 specificity of AFAM2 and showed that the GH 51 arabinosidases AFASE, Abf1, and Abf2 are selective for ␣-1,3-linked arabinosyl residues of monosubstituted xylose molecules. The specific activities of Abf1 and Abf2 in this preparation were determined to be 4.5 and 4.3 U mg Ϫ1 , respectively.
DISCUSSION
Lb. brevis is recognized as one of the rather versatile members of the lactic acid bacteria, although the genetic basis for this ecolog- ical flexibility is not completely understood (17) . While Lb. brevis is usually classified as obligately heterofermentative, evidence for homofermentative hexose metabolism (i.e., through the EmbdenMeyerhof-Parnas pathway [EMP]) was presented, and Lb. brevis may in fact be facultatively heterofermentative (20, 35 ). An interesting property of the species is that it reportedly lacks hierarchical control of carbohydrate utilization (carbon catabolite repression) and is therefore able to use a broad spectrum of sugars simultaneously (36) . This fact has been shown to be of interest for lactic acid production from lignocellulosic biomass (37), especially because Lb. brevis is among the few LAB species known to efficiently utilize xylooligosaccharides, preferentially xylobiose (14, (20) (21) (22) . Lb. brevis is involved in the natural fermentation of hemicellulose-rich plant food/feed (e.g., cabbage, sourdough, and forage silage), and, despite the aspects mentioned below, it is also an important starter organism for the "overattenuation" process used to produce several beer varieties (18, 19, 38) . However, next to Pediococcus spp., obligately heterofermentative Lactobacillus spp. (listed in group 3 according to reference 19) are commonly recognized in food spoilage, with Lb. brevis being one of the organisms primarily associated with wine and beer spoilage (19) . Therefore, it seems to bear a certain irony that, in the context of enzymatic release of attractive wine aroma compounds from glycosylated precursors, we previously identified Lb. brevis as a versatile source of glycosidases (25, 39, 40) .
As such, it is elucidating to discuss the occurrence of ␤-glycosidase genes that are putatively involved in hexose (glucose and galactose) and pentose (xylose and arabinose) metabolism in Lactobacillales (see Table S2 in the supplemental material). Based on molecular clock analysis and in comparison to ribosomal proteins, Makarova et al. (24) concluded that genes involved in carbohydrate metabolism and transport may have been acquired and duplicated early in LAB evolution. Nevertheless, such genes (including phosphotransferase system [PTS] components, ␤-galactosidases, GH 3 glycosidases, and GH 43 xylosidases) are also prone to violation of the (local) molecular clock, displaying high rates of horizontal gene transfer (HGT). Accordingly, it may not be surprising that genomic distribution and redundancy of (␤-D/ ␣-L) glycosidase genes (both PTS and non-PTS) appear to be heterogeneous among LAB genera/species, limiting the possibility of coherently inferring taxonomic or phenotypic relationships. In this context, it is of interest that the Lb. brevis GH 43 and GH 51 glycosidase sequences show high degrees of amino acid sequence identity to those of several intestinal bacteria (e.g., Roseburia, Enterobacteriaceae, Clostridiales, and Bifidobacteriaceae) (see Fig. S2 ). For example, putative xylosidases of B. adolescentis ATCC 15703 and Roseburia intestinalis M50/1 (see Fig. S2A ) share 72% and 76% sequence identities, respectively, with XynB2, whereas the identities between XynB1 and XynB2 amount to only 32%. This could be a result of HGT between intestinal bacterial species, which, as previously reported (41) (35) . However, evidence that mannose-specific PTS transporters (EIIB) facilitate xylose uptake in several group 2 members was previously presented (42) .
Consistent with the results of the present study (see the supplemental material), apart from Lb. brevis, previous studies concerned with in vitro growth on XOS found little evidence for XOS utilization in the genus Lactobacillus. Lb. fermentum (syn. Lb. cellobiosus) (14, 21) and Lb. acidophilus (15) were found to have moderate grow rates on XOS, and Chapla et al. (43) reported that growth of Lb. fermentum and Lb. acidophilus was low compared to growth of Bifidobacterium spp. Furthermore, an intestinal Lb. paracasei strain was reported to be enriched by XOS (44) . Interestingly, the Leuconostoc/Weissella branch (heterofermentative), as well as Pediococcus spp. (mainly homofermentative), both phylogenetically close to the genus Lactobacillus (19) , show a high occurrence of both PTS and non-PTS (i.e., pentose-specific) glycosidases. Evidence for XOS utilization by Leuconostoc lactis (45) and Weissella sp. (46) has been previously reported.
With regard to the substrate selectivities of the enzymes presented here, we propose that GH 51 arabinosidases of LAB are principally involved (at least partially) in the debranching of arabinoxylan-oligosaccharides, while, depending on the subclass, the presence of GH 43 glycosidases may be indicative of the ability to utilize the resulting linear backbone oligosaccharides. Although putative orthologs to the GH 43 AXHd3 from B. adolescentis are so far not discernible in LAB genomes, AXHd3 activity was recently reported for a GH 51 arabinofuranosidase as well (8) . Consequently, the ability to utilize AXOS could be restricted to only a few LAB species, as was indicated by the particularly low level of occurrence of GH 51 arabinosidases (see Fig. S2C and Table S2 in the supplemental material).
However, substrate selectivities (especially regarding the aglycone moiety) of glycosidases are still not sufficiently understood and the possibility cannot be excluded that, even within a GH (sub)family, significant differences in functionality may occur, as demonstrated in the case of XynB1 and XynB2. While XynB2 could be classified as a true xylan 1,4-␤-D-xylopyranosidase with low ␣-L-arabinofuranosidase side activity (Table 1) , the function of XynB1 could not be demonstrated with the substrates used in the present study. Although a recent study demonstrated marked activity enhancement of a GH 43 xylosidase in the presence of divalent cations (47), a similar effect could not be observed in the case of XynB1, and the results obtained with both XynB1 and XynB2 were consistent with the characteristics of an Lb. brevis ␤-xylosidase as reported in reference 23. XynB1 may therefore represent an inactive paralog of XynB2 or possess another, yet-tobe-identified function.
In the context of the structural genomics approach, there is at present sufficient evidence that the protein sequence and, thus, the resulting predicted three-dimensional fold of the catalytic domain (as implicit in GH classification) is a reliable indicator for the glycone (nonreducing end sugar) selectivity of a glycosidase. Hence, amino acid residues recognizing the glycone moiety, as well as acid/base catalytic residues, were shown to be highly conserved within GH families (13, 48) . In contrast, as was demonstrated best so far in the case of GH 1 glucosidases, residues known to be involved in aglycone recognition are much less conserved, and the resulting differences in the stereochemistry and physicochemical environment at the substrate binding pocket that determine substrate binding affinities (and selectivity for configuration of the glycosidic link) cause high flexibility regarding substrate selectivity, even within structurally closely related enzyme folds (48, 49) . A resulting (though mainly empirical) distinction is that seen between GHs specific for oligosaccharides and aryl/alkyl-glycoside-specific hydrolases. Recently (25), we proposed that both GH 51 arabinofuranosidases (Abf1 and Abf2) of Lb. brevis would classify as aryl/alkyl-glycosidases. This was further confirmed by the fact that a related GH 51 enzyme from Oenococcus oeni could release both primary and tertiary terpene alcohols from natural glycosides whereas an A. niger arabinosidase of the same GH family (AFASE in the present study) that displayed high specificity for arabinobiose hydrolyzed only glycosides of primary terpenols (39) . However, in light of the present findings, Abf1 and Abf2 (as well as AFASE) should be considered broad-specificity GH 51 arabinofuranosidases based on their propensity to hydrolyze pNParabinofuranoside and 1,5-␣-L-arabinobiose as well as the ␣-1,3-linked arabinosyl residues of AXOS. This stands in clear contrast to the narrow specificity of the GH 43 enzyme Abf3, which was not able to remove arabinose residues of AXOS from either the 1,2 or 1,3 configuration and can therefore be classified as an arabinan 1,5-␣-L-arabinofuranosidase.
In conclusion, this paper gives insights into the biochemical characteristics of arabinoxylan-oligosaccharide-degrading hydrolases of Lb. brevis. Further, by evaluating the occurrence of genes putatively encoding functionally similar enzymes in LAB genomes, new light was shed on lactic acid bacterial glycoside (oligosaccharide) metabolism in general. These results are indicative of the capability of other LAB species to utilize (A)XOS and warrant further studies. In particular, attention should be focused on obligately heterofermentative Lactobacillus spp., the Leuconostoc/ Weisella branch, and Enterococcus spp. as well as the genera Pediococcus and Lactococcus.
